T he visual pigments make up a class of guanine proteincoupled receptors (GPCRs) that initiate phototransduction in retinal photoreceptors. Each protein consists of seven transmembrane R-helices connected by surface-exposed loops and an 11-cis-retinal chromophore. 1À4 Following absorption of light, the retinal chromophore, covalently bound to a conserved lysine residue in transmembrane helix 7 (TM7), isomerizes from the 11-cis to the all-trans conformation to trigger a series of conformational changes in the tertiary structure of the protein that lead to the formation of the active state, R* or meta II. The corresponding conformational changes in the covalently bound opsin polypeptide initiate a secondary messenger cascade within the photoreceptor that results in the changes in plasma membrane potential and synaptic transmission.
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Both rod and cone visual pigments contain conserved residues located in the extracellular loop regions that interact with proteins involved in phototransduction. The cytoplasmic domain (CP), formed by four loops tethered to the lipid bilayer with a flexible carboxyl terminus, contains several palmitoylated Cys residues as well as multiple Ser and Thr residues that serve as targets for GRK phosphorylation. 11 In the case of bovine rhodopsin, a significant portion of the CP domain is involved in the light-dependent interactions with transducin, 12À14 GRK1, 15 and arrestin. 16 The high degree of homology in the CP loop regions of the cone opsins with rhodopsin indicates that cone opsins will exhibit many of the same structureÀfunction relationships as rhodopsin.
Recent studies have indicated that the extracellular (EC) loop regions of GPCRs have an equally important role in proper protein folding and trafficking. 1, 4, 17 Mutations in the EC2 loop of bovine rhodopsin, which penetrates the chromophore binding crevice and stabilizes the overall helical bundle, have either (1) induced a shift in the wavelength of the absorption maximum, (2) destabilized retinal binding, (3) caused a defect in N-linked glycosylation and protein trafficking, or (4) caused retinitis pigmentosa. 18À25 In the medium-and long-wavelength sensitive (M/LWS) cone opsins, an anion binding site is formed partly by the EC2 loop and regulates spectral and photobleaching properties. 26 NMR analysis indicates the EC2 loop of rhodopsin forms a cap over the chromophore, which exhibits structural changes upon light activation. Furthermore, the β4 strand in EC2 interacts with TM4ÀTM6 during photoactivation. 27 The EC loops not only stabilize the protein and facilitate the proper photobleaching but also function to stabilize ligand binding in other receptors. 28, 29 Elucidation of EC loop function remains a primary objective toward a complete mechanistic understanding of GPCR activation. Although the crystal structure of bovine rhodopsin is known with high resolution, the flexibility in the EC loops suggests the Biochemistry ARTICLE crystal structure is just a snapshot of one of several possible conformations. Monte Carlo simulated temperature annealing combined with a scaled collective variable technique has been employed to search the conformation space for loop structures, 30 revealing the crystal structure could be one conformation in the native ensemble. Geometric sampling and energy minimization have also been used to specifically study the loop regions in both the R and R* states of rhodopsin. 31À33 Collectively, these studies exemplify the means by which theoretical computation can be combined with emerging experimental data to study the function of EC residues.
Although a major effort has been made toward the study of rhodopsin EC loop residues, cone opsins warrant equally intense investigation because of their important role in daylight vision, significant differences in the spectral, photoactivation, and chromophore binding compared to that with rhodopsin, and potential clinical problems associated with human mutations. Xenopus violet cone opsin (VCOP) has been an important model cone opsin for biochemical and biophysical studies, for a number of reasons. The complete photobleaching pathway of the pigment and protonation state of the Schiff base in the dark state have been determined. 34, 35 Additionally, the pigment has shown an ability to activate transducin, and the apoprotein is able to regenerate 11-cis-retinal more efficiently than other cone opsins. 36 Furthermore, the retinylidene Schiff base counterion has been identified, and the role of this residue in regulating the photobleaching cascade has been investigated. Using a combination of mutagenesis, spectroscopy, molecular dynamics simulations, semiempirical modeling, and homology modeling, this treatment elucidates the role of the EC2 and EC3 loops in cone opsins and provides insight into the role of the EC loop regions in protein folding.
' MATERIALS AND METHODS
Homology Modeling of VCOP. The crystal structure of bovine rhodopsin (chain A from Protein Data Bank entry 1U19) 1 was used as the template for modeling the three-dimensional structure of VCOP. The sequence alignment of rhodopsin, VCOP, and VCOP homology models was generated using Modeler. 37 Hydrogen atoms, a protonated Schiff base linkage between Lys 291 and 11-cis-retinal, and a disulfide linkage between Cys 105 and Cys 182 were added using the visualization program VMD.
38 Thirty-six internal hydration water molecules were introduced using both a comparison between the rhodopsin crystal structure and those predicted by DOWSER. 39 DOWSER detected 20 internal hydration sites for VCOP, five of which closely match with the crystal structure water molecules (2000, 2020, 2021, 2024, and 2028) . The complete VCOP homology model with internal hydration water molecules was minimized for 4000 steps using NAMD. 40 A lipid bilayer was included in the model to simulate the unsaturated phospholipids of the outer segment of the rod photoreceptor. 41 The protein was embedded in a POPC (palmitoyloleoylphosphatidylcholine) lipid box (90 Å Â 90 Å) using VMD. Lipid molecules overlapping with the protein were removed, and the final model contained 169 POPC molecules. A short molecular dynamics (120 ps) was performed on the proteinÀmembrane system to relax the proteinÀlipid interface. The entire system was then solvated with water molecules (TIP3) using VMD. The fully solvated system was 90 Å Â 90 Å Â 100 Å in size and contains 13542 water molecules. To neutralize the system, 38 sodium and chloride ions were added and manually redistributed on the basis of the surface potential map generated by GRASP. 42 Molecular Dynamics Simulations. All molecular dynamics simulations were conducted with full particle-mesh Ewald (PME) calculation for electrostatic interactions. To fully relax the system, the simulations were conducted systematically as follows: 25 ps with the protein fixed, 25 ps with the entire protein harmonically constrained, 25 ps with the peptide backbone harmonically constrained, 25 ps with R-carbons harmonically constrained, and finally 25 ps with only retinal constrained. An NPT ensemble (constant pressure and temperature) simulation was then performed for 2 ns. The calculations were conducted using an SGI Altix 350 server (12 Intel Itanium 2 CPUs), and the time required for the 1 ns simulation was 36 h. Thermal noise reduction was performed by sliding a window of nine frames on the trajectory file using a modified VMD script developed but unpublished by J. Saam. 43 To compare different models, structural alignment of proteins was performed using the STAMP algorithms 44 built within VMD (solvent water molecules, POPC molecules, and ions removed prior to comparison). Hydrogen bonds (<2.5 Å) were identified using "HBOND" in DS ViewerPro. All minimizations and molecular dynamics simulations were performed using NAMD. The CHARMM27 force field was used for proteins and lipids and TIP3P for water molecules. All titratable groups were assigned protonation states according to the CHARMM force field. 38 Asp 108 was assumed to be unprotonated. 45 Semiempirical Approximation of the Enthalpy of Formation. The enthalpy of formation for each mutant and that for the wild-type (WT) VCOP protein were estimated by using routines from the MOPAC software package. 46 The model built for the aforementioned CHARMM molecular dynamics simulations was employed as a starting structure for all calculations. Mutations to the WT model were made via tools included in Swiss PDB, 47 and a steepest decent minimization algorithm was employed for geometry optimization. The PM6 Hamiltonian 48 energy was evaluated via standard self-consistent field minimization methods, and the enthalpy of formation was calculated as described in ref 46 . Structural analysis of the energy-minimized protein geometry was accomplished via programs coded in extended basic, using the MathScriptor compiler (R. R. Birge, unpublished and available upon request). Computations were performed on a Microway Opteron computer cluster with ten 32 GB AMD Quad Core Opteron 2350 processors running Fedora Core 8. Each minimization required 3À6 days of computation time.
Sequence Comparisons. The consensus sequences for the regions including the EC2 loop (amino acids 177À199 of bovine rhodopsin), the C-segment of TM6, the EC3 loop, and the N-segment of TM7 (amino acids 266À296 of bovine rhodopsin) were obtained for each of the five vertebrate opsin families from the G-protein-coupled receptor database. 49 Alignments were prepared using Clustal X methods as implemented in MegAlign (DNAStar).
Preparation and Expression of VCOP Mutants. The 1D4 epitope-tagged VCOP plasmids used for mutagenesis and expression have been described previously. 45 The 1D4 epitope is not present in WT VCOP but has been added in place of the WT carboxyl terminus. All amino acid changes were made by restriction fragment replacement: single and double D279Q and L280P using NcoI and SacI, R281Q using BglII and SacI, and Y269F and the chimeric constructs using EaeI and NcoI. The sequences of the resulting mutant plasmids were verified. The resulting plasmids Biochemistry ARTICLE had the cDNA containing the codons encoding the first 328 amino acids of the mutant VCOP fused in frame with the codons encoding the last 14 amino acids of bovine rhodopsin, which serves as an epitope tag. 50 The mutants were expressed in COS1 cells by transient transfection, purified by immunoaffinity chromatography, and analyzed as previously described. 34, 36 Pigments were eluted in buffer Y1 [50 mM HEPES, 140 mM NaCl, and 3 mM MgCl 2 (pH 6.6)] with 0.1% DM and 20% glycerol.
UVÀVis Spectroscopy. Conventional UVÀvis spectroscopy was conducted using a Beckman DU-640 spectrometer at 22°C. 36 We determined lightÀdark difference spectra by collecting four spectra in the dark, bleaching the samples with white light from a projector lamp (300 W, EXR-5, Wiko, Inc.) for 1 min, and subsequently recording four spectra. The total radiant energy of the white light was measured to be 8 mW using an optometer (Graseby Optronics). Subtraction of light scattering using a λ À4 correction factor was done for all spectra using FitSpectra (R. R. Birge, unpublished and available upon request). LightÀdark difference spectra were calculated using four averaged spectra using SigmaPlot (Jandel Scientific).
Western Blots and Immunohistochemistry. Purified protein samples were diluted into buffer containing 4% SDS, resolved on 10% polyacrylamide gels, transferred to nylon membranes, and detected with the anti-rhodopsin monoclonal antibody, 1D4. Samples were kept below room temperature prior to solubilization with SDS and electrophoresis. Bound antibody was detected by chemiluminescence (Amersham ECL kit).
' RESULTS AND DISCUSSION
Alignment of the EC2 loop consensus sequences for each of the subfamilies of visual pigments (Figure 1 ), compared to the EC2 loop consensus sequence of rhodopsin-like type 1 pigments (Rh1), indicated rhodopsin-like type 2 pigments (Rh2) were 83% homologous, short-wavelength sensitive type 1 pigments (SWS1) ∼60%, short-wavelength sensitive type 2 pigments (SWS2) ∼65%, and medium-to long-wavelength sensitive pigments (M/LWS) ∼39%. Seven conserved residues within the EC2 loop among all the opsin families are noted: Arg (using the sequence numbers of rhodopsin, the protein for which the structural roles of these conserved residues have been previously reported).
2,4,51 As opposed to the EC2 loop, the EC3 loop shares no conserved residues and displays little primary sequence identity between the different opsin families. The EC3 loop in our VCOP model spans only seven residues, extending out of TM6 at Arg 274 , pivoting at Gly 277 , and returning to TM7 at Leu 280 .
Experimental Analysis of Xenopus Violet Cone Opsin Mutants. To evaluate the potential role of particular amino acid residues in the structure and function of VCOP, we characterized protein expressed in a well-established heterologous system based upon transfection of COS1 cells (see Materials and Methods). Mutant proteins purified from transfected COS1 cells were analyzed by denaturing polyacrylamide electrophoresis to determine the post-translational glycosylation status. Bovine rhodopsin and VCOP cells exhibit a strong immunoreactive band with an apparent molecular mass of ∼34À35 kDa and an associated broad smear of immunoreactive protein up to ∼45 kDa ( Figure 2 ). For both rhodopsin and VCOP, these bands are heterogeneously glycosylated with a mixture of complex carbohydrates that can be partially removed by digestion with PNGaseF. 36, 39, 52 In addition, VCOP produces more dimer (∼75 kDa) than rhodopsin in these SDS gels. The mutants studied here exhibited a range of patterns in the electrophoretic analysis. Representative mutants are shown in Figure 2 . Some mutants (e.g., E176D and S181A) had patterns similar to that of WT VCOP, while others (C105A, C182A, D279Q, and R281Q) showed an absence of the broad smear. Mutants in the latter class apparently have a deficiency in post-translational glycosylation . Predicted R-helical regions, based upon homology modeling, are boxed, and the seven transmembrane helices (TM) are labeled. Black arrows denote predicted β-strands. The conserved lysine residue (K 291 ) in TM7 to which 11-cis-retinal is covalently bound and the aspartic acid residue (D 108 ) that serves as the counterion to the protonated Schiff base are highlighted with black circles. Post-translation modification of N 15 (glycosylation) is indicated by CHO and palmitoylation of C 317 by a jagged line. (B) Comparison of the consensus EC2 loop sequences for the five vertebrate visual pigment families. The composite consensus sequences were generated using a majority rule. The composite consensus sequence for the visual pigments is listed first (Consensus), followed by rhodopsin-like type 1 (RH1), rhodopsin-like type 2 (RH2), short-wavelength sensitive set 1 (SWS1), short-wavelength sensitive set 2 (SWS2), and long-or medium-wavelength sensitive (LWS). The bovine opsin and VCOP EC2 loop sequences are shown for comparison. Residues conserved in a majority of cases are boxed. A highly conserved cysteine residue (C 187 in bovine rhodopsin) is highlighted in black. (C) Consensus sequences of the EC3 loop of visual pigments. The consensus sequences for each family of visual pigment were generated by majority rule. There were no amino acids conserved in all five visual pigments. D 279 and R 281 from VCOP are denoted with arrows.
Biochemistry ARTICLE that is possibly caused by a protein processing defect associated with protein misfolding in the endoplasmic reticulum or Golgi.
These results show that a number of EC2 and EC3 mutants play a significant role in the biosynthesis of VCOP. All VCOP mutants were purified by immunoaffinity chromatography in dodecyl maltoside following addition of 11-cis-retinal to cells, and the resulting protein was analyzed by UVÀvisible spectroscopy. We observed three different mutant phenotypes (Table 1) as judged by chromophore binding: indistinguishable from WT VCOP, reduced chromophore, and no detectable chromophore bound. Those mutants with chromophore bound to some level are shown (Figure 3) , and their spectral properties are summarized in Table 1 . In addition to the amount of bound chromophore, several of the mutants showed a slightly altered λ max compared to the value for WT VCOP, ∼427 nm. Cone pigments differ from rhodopsins in their reactivity to hydroxylamine in the dark, and this is thought to reflect different accessibilities of the solvent to the Schiff base local environment. Rhodopsins are essentially nonreactive in the dark, while cone opsins rapidly lose their chromophore in the dark. We measured the rate of chromophore hydrolysis in the presence of hydroxylamine for the EC3 mutants that generated a good yield of pigment. Under conditions of excess hydroxylamine and at room temperature, for all of the mutants tested the half-times of chromophore decay were between 5 and 9 min; WT VCOP had a half-time of 7.5 min (data not shown). Additional discussion of the mutant spectroscopic results is given below.
Computationally Predicted Hydrogen Bond Networks. To aid in our understanding the role of EC2 and EC3 residues in the structure and function of VCOP in the absence of a highresolution structure, we utilized computational modeling (see Materials and Methods). The equilibrated VCOP model is stable and offers a suitable means for inferring the function of key residues. The relaxation of the model helical bundle showed an expansion of the system volume by 262 Å 3 , compared to that of the rhodopsin crystal structure, to a total volume of 33972 Å 3 . Very little movement in the residues forming the binding pocket was observed during molecular dynamics (MD) equilibration, and the retinal, despite exhibiting minor stretching and bending of the polyene chain during the MD, showed no loss of planarity or isomerization. The Asp 108 residue, the primary counterion to the protonated Schiff base, interacts with the charged moiety within a distance of 1.8 Å. Furthermore, 13 of the 36 crystal water molecules remained in position, all of which bridge amino acids. The backbone trace for the N-terminus of the model deviated by only 3.8 Å from the rhodopsin crystal structure, though a significant difference in the orientation of the amino acids was observed. The VCOP EC2 loop is predicted to contain two antiparallel β-strands, labeled β3 (Arg (Figure 4) . However, the β4 strand of VCOP shows no intramolecular interaction with the chromophore, as in rhodopsin. Thus, the computational modeling predicts a structural element that is significantly different from that of bovine rhodopsin, namely the absence of contacts between EC2 and 11-cis-retinal. This may have an important consequence for the stability of retinal in the binding pocket and highlights a key difference between rod and cone pigments.
The VCOP model predicts the EC2 loop has hydrogen bonds to the EC3 loop, via Asp 279 and Leu 280 , which itself is bonded to Asn 12 in the N-terminus. In rhodopsin, the EC3 loop is also predicted to form a H-bond network with the N-terminus but not with the EC2 loop. The VCOP network involves Asn 12 , and three water molecules. This H-bonding pattern orients the EC2 and EC3 loops over the retinal, introducing an H-bond between Ser 181 and Asp 108 , dictating the proteinÀ chromophore interaction. The VCOP model predicts that, contrary to the X-ray crystal structure of bovine rhodopsin, the EC2 loop is indirectly H-bonded to the N-terminus via EC3 loop amino acids Asp 279 and Leu 280 , highlighting a novel function for the short EC3 loop. Arg 281 does not interact with any residue but is exposed to the solvent that determines the proper axial orientation for TM7 in the membrane. The importance of these residues in protein folding and stabilizing the binding of 11-cisretinal was evident in replacements involving either Asp 279 or Arg 281 individually or in combination. PM6 energy minimization predicted neutralizing either residue in the charged pair individually was enthalpically unfavored, whereas the double mutation was slightly favored (see Table 1 ). Exchanging the positions of the two charged residues in the double mutant D279R/R281D yielded a misfolded protein as well, indicating residues Asp 279 and Arg 281 are not simply involved in forming a single intramolecular salt bridge. These results demonstrate the necessity for this conserved charged pair for proper protein folding in VCOP and support the extended hydrogen bonding network predicted by the computational modeling. Leu 280 is predicted to be another vital residue in the EC3-DLR motif. The experimental results for L280P, L280G, and L280A support this function. The L280P and L280G models (Figure 4 ) suggest that the mutant at position 280 causes Thr 284 in TM7 to directly interact with EC2 loop residues Leu 178 and Glu 176 . The L280P Figure 2 . Western blot of visual pigments heterologously expressed in COS1 cells. Equal amounts of purified visual pigments were resolved via sodium dodecyl sulfateÀpolyacrylamide gel electrophoresis and detected using a monoclonal antibody that recognizes the C-terminus of all constructs. Bovine rhodopsin (Rhodopsin) and normal (Wild type) VCOP migrate with multiple species, including a monomer at ∼34 kDa and a smear of heterogeneously glycosylated monomers highlighted with a bracket. VCOP also exhibits a significant dimer that runs at ∼85 kDa. VCOP single-amino acid substitution mutants have a diversity of patterns. Mutants E176D and S181A have the same pattern as WT VCOP, while mutants C105A, C182A, D279Q, and R281Q all exhibit a significant reduction in the broadly glycosylated protein between the monomeric and dimeric species. The molecular mass standards were 25, 35, 50, 75, and 100 kDa.
Biochemistry ARTICLE model predicts a disruption in the H-bonding interaction between the N-terminus and the EC loops. As shown in Figure 5 , Pro 280 is predicted to have a main chainÀside chain interaction with Thr 284 , extended to main chainÀmain chain interactions with Arg 281 in the EC3 loop as well as side chainÀside chain interactions with Glu 176 , none of which were present in the WT VCOP model (Figure 4) . The aberrant H-bonding network in L280P causes a water molecule previously H-bonded to Asp 108 to H-bond to Ser 181 , potentially destabilizing the primary counterion of the retinal. Furthermore, Pro 280 interacts primarily with the transmembrane domain, whereas Leu 280 interacts with the extracellular domain. A root-mean-square deviation (rmsd) analysis of the position of the atoms in the EC3 loop, throughout the 2 ns MD simulation, yielded an ∼2 Å shorter movement for the L280P mutant compared to WT, indicating the mutant contains more rigidity in the EC3 loop. Calculations indicate the mutation is enthalpically unfavored. The L280G model contains a H-bonding network similar to the L280P mutant H-bonding network. As in L280P, the introduction of Gly at position 280 provides enough flexibility for the EC3 loop to interact more strongly with the helical bundle and more weakly with the N-terminus compared to WT. The L280G mutant has a main chainÀside chain interaction with Thr 284 , in TM7, and a main chainÀmain chain interaction with Asp 279 ( Figure 5 ). The water molecules bridging H-bonds from Glu 176 , as observed in both L280P and WT models, have dissociated from the protein and into the bulk simulation box. This mutation was computed to be enthalpically unfavored. b For each mutant, the absorbance at the mutant's λ max was divided by the absorbance of the amino acids at λ 280 . The ratio A(λ max )/A(λ 280 ) for each mutant was then divided by the same ratio for the WT protein to normalize WT to unity.
c The enthalpy of formation of the WT protein was subtracted from the enthalpy of formation of the mutant protein. Therefore, a negative Δ(ΔHOF) indicates the mutant protein is more enthalpically favored than the WT protein.
d The shift in the center of mass of charged residues and residues within 5 Å of the chromophore was determined. The chromophore was used to align the WT and mutant proteins.
e The length of each β-strand was determined by calculating the distance between the center of mass of the residues at either end of each strand.
f The angle between β-strands was calculated by creating vectors for each β-strand, determined by the center of mass of the residues belonging to the strand. The two vectors were then used to trigonometrically determine the angle between them.
g Not available.
Biochemistry ARTICLE Further computations and experiments supported the importance of the EC3 loop. A double mutant, L280G/T284A, failed to improve the level of retinal binding and induced an ∼13 nm red shift in λ max compared to that of WT. The double mutant model predicts a major disturbance in the interactions between the EC2 and EC3 loops ( Figure 5 ), leading to a random coil-like structure instead of the β-strands in the EC2 loop ( Figure 5 ) and neutralization of the side chains of Asp 279 and Arg 281 ( Figure 5 ). In summary, direct changes to the H-bonding network residues in the EC loops increase the flexibility of the region and possibly destabilize the chromophore binding crevice, thus weakening interactions with the 11-cis-retinal. The computational models highlight the vital function of residues Asp 279 , Leu 280 , and Arg 281 and suggest the reason mutations to these residues weaken chromophore binding.
Disulfide Linkage between Cys 105 and Cys 182 . The VCOP model was constructed with a disulfide bond between Cys 105 and Cys 182 , highly conserved residues in all visual pigments. Mutations of these two residues produced misfolded protein rather than specific destabilized retinal binding. Supporting evidence for this disulfide bond was obtained from UVÀvis spectra: C105A and C182A mutants had no detectable chromophore in purified samples, while the C180A mutant bound chromophore, albeit at a reduced level compared to that of the wild type, with a 10 nm blue-shifted λ max (Figure 3) . Computationally, the C105A mutation was predicted to be enthalpically favored, the C180A mutation was enthalpically null, and the C182A mutation was enthalpically unfavored. The double mutant C180A/C182A, also predicted to be enthalpically unfavored, did not bind the chromophore. These experiments strongly suggest that, in the WT VCOP protein, Cys 105 and Cys 182 are covalently interconnected via a disulfide linkage. These results further suggest that the disulfide bond is essential for proper folding and post-translational processing in the endoplasmic reticulum. In bovine rhodopsin, comparable Cys to Ala mutants fold and bind the chromophore but with the reduced stability of meta II. 23 The formation of an abnormal disulfide bond between Cys 185 and Cys 187 has been identified in a misfolded rhodopsin. 53 The VCOP model predicts a H-bonding network within EC2 ( Figure 6) , are strongly conserved in visual pigments. In contrast to Glu 181 in bovine rhodopsin, the VCOP model suggests that the equivalent residue, Glu 176 , does not have any direct intramolecular interaction with the polyene chain of 11-cis-retinal. However, Glu 176 is predicted to H-bond to Ser 181 strongly to stabilize the β3Àβ4 hairpin, to Tyr 263 , and through side chains to align the β4 strand in the binding crevice (Figures 5 and 6 ). All four mutations of Glu 176 (to D, Q, H, and S) prevented stable chromophore binding. All single mutations of Glu 176 are predicted to be enthalpically unfavored despite little change in the overall structure of the protein. Mutation of Ser 181 also had severe effects, although S181T and S181C did bind retinal at a very reduced level. Double mutants (E176D/S181T and E176S/S181E) could not compensate for the deficiency in retinal binding in either single Figure 3 . UVÀvis spectroscopy of single-amino acid substitution mutants in EC2 and EC3 loops. Following addition of 11-cis-retinal, mutant proteins were purified in dodecyl maltoside, and UVÀvis spectra were recorded (black lines). For comparison, a spectrum of WT VCOP is presented in each panel (gray lines). Absorption at 280 nm arises from aromatic amino acids of protein, while absorption above ∼300 nm arises from the bound chromophore. The inset shows the chromophore region of the spectrum expanded to show the pigment bound at reduced levels compared to that of the wild type. Each spectrum was normalized to have a relative OD of 1.0 at 280 nm to facilitate comparisons between different protein samples. There was a wide range of pigment formation, from nearly wild-type levels (e.g., L280A) to barely detectable (e.g., W186Y). The fraction of protein that binds the chromophore can be quantified by the ratio of the absorbance at 425 nm to that of the protein at 280 nm (see Table 1 ).
Biochemistry ARTICLE mutant. These results suggest there are specific interactions of Ser 181 with other residues that do not tolerate even small changes, such as those found in Thr or Cys. Surprisingly, E176 and S181 single mutants had glycosylation patterns similar to that of WT VCOP and even some localization in the plasma membrane. These data suggest that the mutations to E176 and S181 induce a specific defect in the binding pocket rather than a global misfolding of the protein. In summary, Glu 176 and Ser 181 in VCOP are both essential for proper protein folding and stabilization of the chromophore binding site.
A chimera model of the protein was produced by mutating the entire EC2 loop of VCOP to match residues from rhodopsin. No chromophore was detected in either the rhodopsin EC2 loop chimera or the chimera Y186W mutant. These chimera mutants suggest that a stable retinal binding pocket requires very specific interacting residues in VCOP ( Figure 6 ). The EC2 loop chimera models predict a disruption of the β-strands, yielding a more random coil-like structure for the EC2 residues. Differences in the intramolecular interactions between helices TM4 and TM5 and a peptide consisting of the last five amino acids of the EC2 loop ( 189 Biochemistry ARTICLE average distance between β-strands of 2.06 Å. Comparatively, the EC2 loop chimera model predicts no H-bond formation in the analogous residues, yielding a widening of up to 3.39 Å. PM6 semiempirical minimization of the protein generated data that reinforced the predictions of the CHARMM models. The distance between β-strands was predicted to increase by 2.5 Å, along with a 4.2°increase in the angle between the β-strands. The total rootmean-square shift of the center of mass of selected key residues predicted was 3.8 Å. These β-strand disruptions destabilize the EC2 loop interactions with the 11-cis-retinal in the chimera model and consequently prevent the Y186W mutant from binding retinal despite the increase in the level of favorable chromophore interaction with the mutant. In summary, computational models predict the manner in which Glu 176 and Ser 181 stabilize the binding of the chromophore, as well as the sensitivity of the EC2 loop to mutation.
Conserved 178 is predicted to coordinate the turn connecting the two EC2 β-strands. Shortening the β3 strand by a E176G mutation together with a reintroduction of Glu at position 178 in the double mutant E176G/L178E did not lead to binding of the chromophore. PM6 minimization indicated the double mutant was enthalpically unfavored, and a 2°widening of the hairpin turn between β-strands was predicted. At position , may have van der Waals interactions with the retinylidene polyene chain. The W186Y mutant had a barely detectable chromophore that likely could be the result of a weakened attractive interaction with the chromophore because the phenolic ring is significantly smaller than an indole ring. Although little structural change compared to WT was predicted in the PM6 minimization of the W186Y protein, the mutation is predicted to be enthalpically unfavored.
' CONCLUSIONS
The importance of the extracellular (EC) loops in the proper folding of a short-wavelength sensitive 1 pigment has been elucidated via computational modeling, mutagenesis, and spectroscopic experiments. Despite the seemingly high flexibility in the EC loops as a whole, several EC loop residues have been identified as being critical for either the stabilization of the chromophore binding site or a more global folding, e.g., stabilization of the helical bundle. Specifically, four novel features of cone opsin proteins have been determined.
First, a H-bonding network that connects the EC2 loop, EC3 loop, and the N-terminus of the protein has been predicted via computational modeling. Although the EC3 loop of bovine rhodopsin is H-bonded to the N-terminus, there are no H-bonds connecting the EC2 and EC3 loops. The network in VCOP dictates the importance of the charged pair, Asp 279 and Arg
281
, which is conserved only among the SWS1 pigments. These residues function to stabilize the helical bundle and also orient a third conserved residue, Leu , have been explored and found to be important to the stability of chromophore binding. The analogous residues in bovine rhodopsin, Glu 181 and Ser 186 , can tolerate many substitutions with proper folding and small shifts in λ max . However, in VCOP, the side chain length and charge on residue 176 must be conserved for proper folding. Small structural changes to the Ser residue at position 181, such as those found in S181C and S181T, also prevented binding of retinal. Western blotting and immunohistochemistry analysis indicate the mutations in VCOP induce a specific defect in the binding pocket rather than protein misfolding. Additional work is necessary to further characterize these findings.
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